Highly pathogenic H5N1 avian influenza is considered an avian disease, although there is some evidence of limited human-to-human transmission of the virus. A global effort is underway to control or eradicate the highly pathogenic H5N1 avian influenza virus in poultry and prevent human exposure, both of which may also reduce the risk of pandemic emergence. Hemagglutinin gene sequences from 215 human H5N1 influenza viruses were used to trace the source and dispersal pattern of human H5N1 influenza viruses on a global scale. A mutation network and phylogenetic analyses of the hemagglutinin gene show that human H5N1 influenza viruses can be clearly divided among 4 clusters across geographic space. On the basis of analysis of the N-glycosylation sites at positions 100 and 170 in the hemagglutinin protein, human H5N1 influenza viruses were also divided into 3 types. When we combined these analyses with geographic information system data analyses, we found that Southern China is often a common source of multiple clusters of H5N1 influenza viruses and that each cluster has different dispersal patterns and individual evolutionary features. In summary, the genetic evidence presented here provides clear evidence for multiple clusters of human H5N1 influenza viruses that initially originated in Southern China.
Highly pathogenic H5N1 avian influenza is considered an avian disease, although there is some evidence of limited human-to-human transmission of the virus. A global effort is underway to control or eradicate the highly pathogenic H5N1 avian influenza virus in poultry and prevent human exposure, both of which may also reduce the risk of pandemic emergence. Hemagglutinin gene sequences from 215 human H5N1 influenza viruses were used to trace the source and dispersal pattern of human H5N1 influenza viruses on a global scale. A mutation network and phylogenetic analyses of the hemagglutinin gene show that human H5N1 influenza viruses can be clearly divided among 4 clusters across geographic space. On the basis of analysis of the N-glycosylation sites at positions 100 and 170 in the hemagglutinin protein, human H5N1 influenza viruses were also divided into 3 types. When we combined these analyses with geographic information system data analyses, we found that Southern China is often a common source of multiple clusters of H5N1 influenza viruses and that each cluster has different dispersal patterns and individual evolutionary features. In summary, the genetic evidence presented here provides clear evidence for multiple clusters of human H5N1 influenza viruses that initially originated in Southern China.
Highly pathogenic avian influenza (HPAI) of the H5N1 subtype is an epidemic disease and has produced infections that have resulted in grand-scale economic losses [1] . The HPAI H5N1 virus emerged as a human pathogen in 1997 within the Hong Kong Special Administrative Region [2] . Since that outbreak, H5N1 influenza has spread to wild birds across Eurasia and as far west as England and Africa, thereby threatening to spread into the American and Australian continents. H5N1 influenza virus is primarily a pathogen of poultry, as more than 200 million poultry have died or been culled because of this virus [3] . The virus is also of great concern for public health because it has caused several hundred infections in humans. Although the predominant pathway of infection in humans is still avian-to-human transmission [4] , the virus is always changing and mutations that make it more compatible with human transmission may occur at any time [5] . Approximately 60% of the 478 reported infections in humans (as of 17 February 2010) have been fatal [6] , but very few have been transmitted from person to person [7] . Infections are usually acquired by contact with poultry or poultry products infected with H5N1 influenza virus, and the H5N1 influenza viruses isolated from cases of infection in humans are often virtually identical to isolates from poultry [8] . A global effort is underway to control or eradicate H5N1 influenza virus in poultry and prevent exposure to humans, both of which may also reduce the risk of pandemic emergence. The scientific support for these programs is provided by ecological, virological, epidemiological, and immunological studies. In particular, molecular and functional characterization of H5N1 influenza viruses from poultry will assist in the development and implementation of public health control measures involving diagnosis, immunization, and antiviral drug therapy.
In this study, we used hemagglutinin gene sequences of viruses isolated from 215 cases of H5N1 influenza in humans to trace the dispersal pattern of human H5N1 influenza viruses on a global scale. The results of these analyses were combined with geographic information system data to determine the geographic origin of the human H5N1 influenza viruses that are currently in circulation.
MATERIALS AND METHODS

HPAI H5N1 virus infection data.
Information on avian influenza is often rare and incomplete. The most reliable information is from the World Organization for Animal Health (OIE). We obtained the data on avian influenza from the OIE report on disease (http://www.oie.int/eng/info/hebdo/A_INFO .HTM), which is the official report by the member countries of the OIE. The information in the report includes the date of occurrence, the site of occurrence, the type of avian influenza virus, and the kind and number of dead animals (domestic or wild). Information about sites and virus type is often incomplete. However, in comparison with the information on cases in animals, the information on cases in humans from the World Health Organization (http://www.who.int/csr/disease/ avian_influenza/updates/en/index.html) is relatively complete. The information includes date, outbreak situation, sex, age, and location (county, province, and town). The information on the latitude and longitude of each site was derived using relevant maps or mapping software such as Google Earth, 3D World Map, and MapQuest. Our database has 5885 records of avian Phylogenetic analyses. We extracted hemagglutinin (HA) gene sequences of 215 human H5N1 influenza virus strains that were isolated from 2004 through June 2009 and some avian H5N1 influenza virus reference strains from the National Center for Biotechnology Information (NCBI) Web site (http:// www.ncbi.nlm.nih.gov). Phylogenetic analyses were performed by use of the neighbor-joining method with Mega software (version 4.0) [9] and median-joining networks [10] . The locations of the N-glycosylation sites in the HA protein were initially predicted with data from the NetNGlyc server (http:/ /www.cbs.dtu.dk/services/NetNGlyc/) by use of artificial neural networks that examine the context of Asn-Xaa-Ser/Thr sequences [11] . To further identify the evolutionary features between the 4 clusters, the 3-dimensional structure of the HA protein was constructed using Swiss-Model software [12] (available through a Web interface at http://swissmodel.expasy .org/SWISS-MODEL.html) and visualized using Visual Molecular Dynamics software (version 1.8.6; available at http:// www.ks.uiuc.edu/Research/vmd/) [13] .
RESULTS AND DISCUSSION
The putative ancestor of the currently circulating H5N1 influenza virus is A/goose/Guangdong/1/96 (Gs/GD/1/96), named after the province in Southern China that is also thought to be the epicenter of H5N1 influenza [14, 15] . However, contemporary H5N1 influenza viruses carry only the HA gene derived from the Gs/GD/1/96 lineage [16] . The other 7 genes of contemporary H5N1 influenza viruses were acquired from other avian influenza viruses by means of genetic reassortment [17] . The HA gene from Gs/GD/1/96 has evolved extensively in the past decade, diverging into multiple clades [18] . In 2005, unprecedented outbreaks of H5N1 influenza in wild migratory birds at Qinghai Lake in Western China apparently facilitated its spread to 130 countries in Europe, the Middle East, and North Africa [19, 20] . The body of evidence is growing that some migratory birds have the capacity to spread the highly pathogenic H5N1 influenza virus over extended distances [21] .
The evolutionary linkages between the strains of H5N1 influenza virus that emerged in East Asia in the 1990s and those that were formerly isolated in Europe have yet to be elucidated, although clear differences in the pathogenicity of the Asian and European viruses have been documented [22] . In summarizing the evidence for the geographical origins of the current HPAI H5N1 virus panzootic, Chen et al [23] suggested Southern China as the most likely (immediate) source on account of (1) the original detection of the precursor HPAI H5N1 virus in 1996 and (2) the high degree of genetic diversity of HPAI H5N1 viruses in the region. Their findings are consistent with the influenza epicenter hypothesis-a hypothesis that identifies Southern China as the common source of avian and human strains of influenza virus [5] . In addition, our present study presents new data that show global human HPAI H5N1 virus strains are divided into 4 clusters contained within 3 major clades.
To investigate the relationship between human HPAI H5N1 viruses and avian HPAI H5N1 viruses on a global scale, we obtained data on avian influenza from the OIE report on disease and information on cases in humans from the World health Organization and managed our database with ArcGIS software (see Materials and Methods). The results indicate that cases in humans are mainly distributed in China, Azerbaijan, Bangladesh, Cambodia, Djibouti, Egypt, Indonesia, Iraq, Laos, Myanmar, Nigeria, Pakistan, Thailand, Turkey, and Vietnam, but avian cases are more widely distributed in Asia, Europe, and Africa ( Figure 1) . Interestingly, the geographic pattern of cases of HPAI H5N1 virus infection in humans follows that of the avian cases.
We also extracted HA gene sequences (Table 1 ) from 215 human HPAI H5N1 virus strains isolated from 2004 through June 2009 and some avian HPAI H5N1 virus reference strains from the NCBI Web site (see Materials and Methods). Our phylogenetic analyses shows that the basal lineages of human HPAI H5N1 viruses show some global structuring. Globally, human HPAI H5N1 virus strains are clearly divided into 4 clusters across 3 clades: the Southern China cluster, the Indonesia cluster, the Indo-China cluster, the and Middle AsiaNorth Africa cluster, contained within clades 1, 2, and 3 ( Figure  2 ). Among these clusters, viruses in Japan, Korea, and European countries are not included because no cases were detected in humans despite the occurrence of outbreaks of highly pathogenic H5N1 avian influenza (Figure 2 ). In Southeast Asia, which includes Southern China, Vietnam, Myanmar, Laos, Cambodia, and Thailand, substandard methods of processing poultry products has led to more cases of infection in humans. A similar situation also appears in some North African countries such as Egypt and Nigeria.
To infer the common ancestor of human HPAI H5N1 viruses, the network of mutations for the HA gene sequences was constructed using Network software (version 4.5.1.0; Fluxus; available at http://www.fluxus-technology.com) after multiple alignment was conducted using ClustalW software (version 1.83). On the basis of the N-glycosylation sites 100 and 170 in the HA protein ( Figure 5 ), we divided viruses of the current epidemic among 3 categories: the GD196 type, the transitional type, and the Indonesia type. The GD196 type, without Nglycosylation sites 100 and 170, was found in several provinces of China (such as Guangdong and Xinjiang Uygur Autonomous Region) and in the Middle East and North Africa (Djibouti, Egypt, Azerbaijan, Iraq, Nigeria, Pakistan, and Turkey). BLAST search results of nucleotide sequences indicated that A/Barheaded Goose/Qinghai/China/05 could be treated as an ancestral sequence of Middle Asia-North Africa cluster viruses ( Table   2) Table 2 ). The virus of the Indonesia type, with N-glycosylation sites at both positions 100 and 170, mostly appeared in Indonesia. In this virus type, one early strain was traced to A/Ck/Indonesia/BL/2003 (Table 2 ). In conclusion, the 3 types of human influenza A(H5N1) virus presented distinctive clustering features in their geographic distributions. The Indonesia type was found only on Indonesian islands, and the GD196 and transitional types mostly appeared in other countries and areas. Our results show that the 4 different clusters have individual evolutionary features and provide further information concerning the classification of human H5N1 influenza virus strains.
We propose that Southern China was the center of the outbreak of highly pathogenic H5N1 avian influenza from which the virus radiated into Southeast Asia and Western and Northern China and made a final, progressive spread across Eurasia into the Middle East and North Africa. An initial dispersal from Southern China into the Indian subcontinent was Figure 5 . Models of the structure of the hemagglutinin proteins of representative strains of 4 different clusters of human H5N1 influenza virus, based on analysis of the N-glycosylation site. The hemagglutinin protein amino acid sequences were obtained from the NetNGlyc server; the predicted locations of N-glycosylation sites 100 and 170 are marked. The results of analysis of the N-glycosylation site show that the human influenza A(H5N1) virus presented distinctive clustering features in their geographic distributions. Viruses of the Middle Asia-North Africa cluster belong to the GD196 type or the original type, found in Guangdong and Xinjiang Uygur Autonomous Region of China and in the Middle East and North Africa, including in Djibouti, Egypt, Azerbaijan, Iraq, Nigeria, Pakistan, and Turkey. The Southern China and Indo-China cluster viruses belong to the transitional type and were found in most provinces of China and in the Indian subcontinent, including in Bangladesh, Cambodia, Laos, Myanmar, Thailand, and Vietnam. But viruses of the Indonesia cluster belong to Indonesia type, which is characterized by the presence of N-glycosylation sites at both positions 100 and 170; these viruses appeared only in Indonesia.
followed by subsequent transmission to Indonesian islands. This strong phylogeographic structure provides an opportunity to trace the geographic origins of the human HPAI H5N1 virus strains. In summary, the genetic evidence presented here provides a clear picture of multiple clusters of human HPAI H5N1 virus and indicates that the source was Southern China.
